Cardiac Memory. Introduction: "Cardiac memory" (primary T wave change) is thought to occur after 15 minutes to several hours of right ventricular (RV) pacing. The two components of the temporal change in repolarization are memory and accumulation. The purpose of this study was to examine quantitatively the effect of short periods of ventricular pacing on the human cardiac action potential, using monophasic action potential (MAP) recordings.
repolarization to be present, two components are necessary, namely memory and accumulation.^-' A tnie memory component is pt^sent when repeated episodes of an altered activation sequence exert a cumulative eifect on repolarization during normal activation. Accumulation is the occurrence of progressively greater repolarization changes during normal activation following progressively longer durations of an altered activation sequence. Although it is known that ventricular pacing > 15 minutes in duration may produce changes in ventricular repolarization. no prior studies have examined quantitatively the magnitude of change or the minimum pacing duration required to produce this type of change.' "^ Therefore, the purpose of this study was to examine quantitatively the effect of short periods of ventricular pacing on ventricular repoiarization in humans.
Methods

Study Design
Traditionally, the memory phenomenon has been evaluated by visually apparent T wave changes on the surface ECG.' However, some prior studies have used transmembnuie action potential recordings to investigate cardiac memory.''** In a finite element computer model, changes in the action potential were compared with a standard template to derive the QRS complex.' The differences between two action potentials has been pKjposed as a method for deriving the surface QRS complex.'" Since the T wave represents a summation of repolarization of all of the ventricular myocytes, it has been assumed that the action potential may be more sensitive to a change in repolarization. In the present study, monophasic action potential (MAP) recordings were used to look for changes in repohuization." ' The MAP recordings for each patient at baseline were used as the patient-specific template for the subsequent comparisons. Several studies have confinned that MAP l-ecordings reflect the transmembrnne action potential morphology as measured by cell impalement techniques.'-'B ecause the action potential duration (APD) varies at different sites in the ventricle," the MAP catheter was positioned at the RV septum in every patient. The cardiac action potential is affected by changes in rate and by changes in autonomic tone.'^'** Therefore, the first three pacing protocols were performed at a constant cycle length of 500 msec, and during pharmacologic blockade of 0 and muscarinic receptors.'^T he study was designed to evaluate the effect of ventricular pacing on the MAP recorded during atrial pacing. The acquisition and analysis of MAP recordings was performed only during right atrial (RA) pacing, and each patient was his/her control for the study protocol. In each patient, the control recordings were made after MAP catheter stability had been visually validated for 5 minutes during RA pacing. Catheter stability was confinned fluoroscopically and by visual evaluation of the MAP morphology. All recordings were at least 10 mV in amplitude.'*"-"
The patients enrolled in the study underwent I of 4 protocols (Fig. 1) . The first protocol was to evaluate the temporal stability of MAP recordings during RA pacing for 15 minutes. In the second protocol, to evaluate the memory phenomenon, baseline MAPs were recorded for I minute during RA pacing. RV pacing then was pertbrmed for 1 minute, followed by MAP acquisition during RA pacing for 2 minutes. This pacing sequence was repeated for a total of four RV pacing sequences. MAPs obtained during RA pacing after each 1-minute episode of RV pacing were compared to baseline MAPs. The third protocol was performed to evaluate the accumulation phenomenon. After acquisition of baseline MAP recordings for 1 minute during RA pacing, patients underwent I of 2 pacing options. One gioup of patients underwent RV pacing for 1. 5, and 10 minutes interspersed with periods of RA pacing. MAP recordings were acquired only during RA pacing. The duration of RA pacing was varied to allow the MAP duration to return to the baseline value. In the other group of patients, RV pacing for 15 minutes was followed by recording of MAPs during RA pacing for 5 minutes. The pacing protocol used to evaluate accumulation was divided between two groups of patients to avoid a lengthy study protocol in individual patients.
The term "cardiac memory" traditionally has been used to describe T wave changes following RV pacing.' Therefore, a fourth pacing protocol was perfonned to coirelate T wave changes with changes in the MAP recordings, thereby confirming that the MAP recordings were a valid indicator of altered repolarization as reflected in the T wave. In contrast to the other pacing protocols, RV pacing was perfonned for 20 minutes in an attempt to bring out visually apparent T wave changes. In the previous three protocols, RA pacing at a cycle length of 500 msec sometimes resulted in the pacing artifact distorting the T wave morphology. Therefore, in this portion of the study, to prevent distortion of T waves, RA and RV pacing were performed at a cycle length of 700 msec. Autonomic blockade was not used during this portion of the study, to avoid spontaneous sinus cycle lengths < 700 msec.
Patient Characteristics
The study group consisted of 31 patients who underwent an electrophysiologic procedure for evaluation and treatment of paroxysmal supraventricular tachycardia at the University of Michigan Medical Center. Five patients were enrolled in the control protocol, 5 patients in the memory evaluation protocol, 16 patients in the protocol to evaluate accumulation (10 patients in group 1 and 6 patients in group 2), and 5 patients in the protocol to evaluate the relationship between T wave change and the change in MAP recordings. Exclusion criteria consisted of atriai fibrillation, a sinus cycle length < 600 msec (for protocols 1. 2, and 3). a sinus cycle length < 700 msec (for protocol 4), structural heart disease, the presence of a bundle branch block, the recent occurrence of ventricular preexcitation, or treatment with an antiarrhythmic medication. There were 9 men and 22 women (mean age 43 ± 14 years [± SDj).
Electrophysiologic Testing
After informed consent was obtained, the electrophysiologic prcx:edures were perfonned with the patients in the fasting state. Quadripolar electrode catheters were positioned in the heart as clinically indicated. The 12-lead ECG and intracardiac electrograms were displayed on an oscilloscope and recorded on paper using a Mingograph 7 recorder (Siemens-Elema, Solna. Sweden). Bipolar pacing was performed using the distal pair of electrodes of the quadripolar catheter, with an interelectrode distance of 2 mm. Pacing was performed with a programmable stimulator (Bloom Associates-Reading. PA. USA) using a stimulus strength three times diastolic threshold and stimulus duration of 2 msec.
Study Protocol
The study protocol was approved by the Human Research Committee and was performed upon completion of the radiofrequency ablation component of the electrophysiologic prcx;edure, during the 30-minute waiting period to confirm a successful outcome. Autontimic bkxjkade was achieved by infusion of propranoiol 0.2 mg/kg and atropine 0.04 mg/kg during a period of approximately 5 minutes''^ (protocols 1, 2, and 3). The mean patient weight was 81 ± 13 kg, and the mean propranoiol and atropine dosages were 16.1 ± 3.2 and 3.4 ± 0.7 mg. respectively. Quadripolar electrode catheters were positioned in the RA and the RV apex. A 7-French MAP catheter (model I675P., EP Technologies. Mountain View, CA, USA) was positioned at the RV septum in every patient. This location provided the most stable MAP recordings over the period of the study. This catheter has an interelectrode distance of 4 mm for the MAP electrodes and 2 mm for the pacing electrodes. However, pacing was performed from the catheter at the RV apex. This site resulted in greater QRS aberration thiui dtiring RV septum pacing iuid. therefore, would be expected to result in the greatest T wave change following RV pacing.'^ A ventricular electrogram from the "pacing" electrodes of the MAP catheter was recorded in addition to the MAP recording, and this was used as a trigger during later analyses. The endocardial electrograms and surface leads were recorded on paper at 25 mm/sec using the Mingograph 7 recorder. The MAP channel was untlltcred. and a bandwidth of 0.05 to 1000 Hz was used. Output from the recorder was connected to an FM magnetic tape recorder (Teac 130 TE, Tokyo Japan) that had a total sampling frequency of 12 kHz. Analog-todigital conversion was performed from the digital analog tape at a sampling frequency of 1 kHz per channel, and the data were stored in separate tiles for later splicing.
APD Evaluation
On-line measurements of APD were made using a program written for the purpose in the Visual Engineering Environment (Hewlett-Packard. Loveland, CO. USA). APD^, was defined as the time interval from the rapid upstroke (phase zero) to the time for the action potential amplitude to decrease to 10% of the peak plateau amplitude. In a pilot study. 200 MAP recordings were reviewed to validate the accuracy of the computerized measurements. The on-line measurements were used to determine when the APD^,) had returned to baseline after RV pacing sequences in the component of the study protocol used to evaluate accumulation. When the APD.^,, returned to baseline, the next sequence of RV pacing was initiated.
Off-line analysis also was performed on the digitized MAP recording using a program written in Matlab (Mathworks, Natick. MA, USA). Either beat-to-beat analysis or signal averaging of a selectable number of MAP complexes was perfonned using this prograin.
Effect of Amplitude on APD
Previous studies have suggested that the amplitude of MAP recording may vary without affecting the APD,^,."'-" This finding was validated in a preliminary study by analyzing 10 digitized MAP recordings. Each of the 10 MAP recordings was reduced in amplitude by a factor of 0.9, 0.8, 0.7, 0.6, 0.5, and 0.4. The measured APD^ŵ ere found to be identical for the template and each of the six smaller signals. Figure 2 shows an example of a template MAP recording and the signals following reduction by a factor of 0.7 and 0.5. Although there is a change in the action potential amplitude, there is no change in
Morphology Comparisons of MAP Recordings
To quantitate the differences between two MAP recordings, 230 msec of digitized data was analyzed using a root mean square (RMS) of the difference. Previous work has stiggested that the initial deflection of the MAP recordings is subject to variability.'-^"' In the morphology comparison, therefore, the first 15 msec of the MAP i-ccordings were not incltided in the RMS of the difference analysis. This technique previously was found to be useful in identifying differences in QRS moiphology.-' Using the trigger channel, 50 MAP recordings were aligned and then averaged to increase the signalto-noise ratio. Although variability in the ainplitude of MAP recordings does not affect the APD,^,, a morphology compari.son using RMS of the difference is affected by changes in amplitude (Fig. 2) . To overcome this problem, the amplitudes of the signal-averaged MAP recordings were normalized prior to RMS evaluation. Based on visual inspection of approximately 300 digitized MAP recordings. RMS of the difference values > 4 mV were found to be indicative of visually apparent changes in morphology of the MAP (Fig. 3) .
Analysis of the Change in MAP Recordings
For each patient in the control protocol, the mean of the first minute of the MAP recordings was compared with the APD,^, of the subsequent gi-oups of 20 complexes. Comparisons using the RMS of the difference between the first 50 MAP recordings and a similar segment every 1 minute thereafter also were performed. In the pacing protocol used to evaluate the memory phenomena, the mean APD^o during baseline RA pacing was compared with the APDy,, during RA pacing after the 1-minute sequences of RV pacing. RMS of the difference was evaluated between the baseline signal-averaged MAP recordings during RA pacing and a similar averaged segment during RA pacing immediately after each RV pacing sequence. During the 2 minutes of RA pacing, the temporal resolution of the morphology change in MAP was evaluated. RMS of the difference between the baseline MAP recording and a signal-averaged segment of 10 complexes immediately after RV pacing was compared with the RMS of the difference between the baseline MAP recording and a signal-averaged segment of 10 complexes just preceding the subsequent RV pacing sequence.
Figure 2. Effect of amplitude on APOg^ and root mean square (RMS) of the difference between two monophasic action potential (MAP) complexes. APD,^, was defined as the time interval for the action potential amplitude to dec/ease to 10% of the peak plateau amplitude. The template MAP (a representative recording from the database) has been reduced in amplitude by a factor ofO. 7 (A) and 0.5 (B)
In pacing protocols 3 and 4. the change in APD^,, was evaluated between the MAP recordings during RA pacing before and after RV pacing. The APD^, of every MAP complex I minute prior to RV pacing was evaluated, and a mean baseline APDq,, for the 120 complexes was calculated. This value was compared with the APD.j,, during RA pacing following the RV pacing sequences. Comparisons of the APD,^| following RV pacing were performed using means of consecutive 20-beat groups of MAP complexes. A comparison of the RMS of the difference between the baseline signal-averaged MAP recordings and the MAP recordings during RA pacing upon cessation of RV pacing also was performed.
Visual Comparisons
Visual comparisons of the T wave in leads aVF, V|, Vj, V^ and V^ during RA pacing before and after I, 5, 10, ]5. and 20 minutes of RV pacing were performed. These leads demonstrated the greatest degree of QRS aberration during pacing at the RV apex and, therefore, would be expected to have the greatest T wave change following RV pacing.'•'' The comparisons were graded on a visual score from 0 to 5, depending on the number of leads in which the T waves appeared visually indistinguishable by two observers.
Statistical Analysis
Continuous variables are expressed as mean ± SD. ANOVA with a multivariate repeated measures design was used when comparing the changes in MAP recordings between more than two groups.
Regression analysis was perfonned to evaluate the effect of duration of RV pacing on the MAP recordings (Statistica, StatSoft Inc., Tulsa, OK, USA). P < 0.05 was considered significant.
Results
Stability of Action Potential Recordings: Control Protocol
In the five control patients, RA pacing was performed for 14.9 ± 1.4 minutes. No significant difference was noted in the APD,,,, between the mean of the first 120 beats (222 ± 26 msec) and the mean of the next 20 MAP beats (223 ± 27 msec; P = 0.4). Comparison of the subsequent 20-beat segments with the first 120 beats did not show any significant changes (Fig. 4) . There was a significant decrease in the MAP amplitude over time: 4! ± 8 mV at I minute, 32 ± 7 mV at 5 minutes, and 18 ± 4 mV at 10 minutes (P < 0.02). However, using the RMS of the difference analysis between the signal average of the first 50 MAP complexes and similar normalized segments at 1,5, 10. and 15 minutes of RA pacing, there were no significant changes in MAP morphology (3.2 ± 0.7, 3.4 ± 0.2. 3.5 ± 0.2, and 3.2 ± 0.2 mV, respectively; P = 0.4).
Pacing Protocol to Demonstrate Memory
After 1 minute of RV pacing, there was no significant shortening of APDy,, during RA pacing compared to tbe APD^^, during baseline RA pacing (223 ± 4 vs 226 ± 5 msec; P = 0.1). Compai-ed 
Figure 5. APD^, during right atrial pacing before and after I (A). 5 (B), 10 (C). and 15 (D) minutes of RV pacing. The baseline value represents the mean APD^,, of 120 monophasic action potential complexes. This baseline is compared with the subsequent 20-beat groups for an approximate duration of 4 to 7 minutes after re.\umption of atrial pacing. *P < 0.05. The width of the bar representing ventricular pacing is not to scale.
to baseline, there was a progressive shortening of the APDtM, after the second, third, and fourth Iminute episodes of RV pacing (216 ± 6. 211 ±4. and 207 ± 5 msec, respectively; P < 0.05). The RMS of the difference between the baseline MAP recording and the signal average of the first 50 beats following each RV pacing train demonstiated a difference in morphology after each of the four RV pacing trains (6.3 ± 0.3. 7.7 ± 0.3. 9 ± 0.5. and 9.4 ± 0.6 mV, respectively). Using regression analysis, a progressively greater change in the RMS of the difference was noted after each of the four RV pacing trains (r = 0.96, P = 0.02).
The RMS of the difference between baseline and the signal average of the 10 MAP recordings just prior to the second, third, and fourth periods of RV pacing did not reveal a difference in morphology.
Ventricular Repolarization Accumulation
A significant shortening of the APD,,,j during RA pacing was noted approximately 60 seconds after the cessation of 1 and 5 minutes of RV pacing (Figs. 5A and 5B) . By approximately 150 seconds of RA pacing, the APD,,,, was no longer shorter than baseline. Shortening of APD^, during RA pacing also was noted after 10 and 15 minutes of RV pacing compared to baseline RA pacing (Figs. 5C and 5D ). Examples of a baseline MAP during RA pacing before RV pacing and MAP complexes during RA pacing after I. 5. and 10 minutes of RV pacing are shown in Figure 6 .
RMS of the difference analysis noted a change in the MAP morphology after 1 mintite of RV pacing (4 ± 0.2 mV). This ditference in morphology was gi^eater after longer durations of RV pacing (Fig. 1) .
Visual Analysis
Compared to the T waves during baseline RA pacing, no visually apparent changes in T wave morphology during RA pacing were noted after 1, 5, 10 or 15 minutes of RV pacing (visual scores 5 ± 0, 4.9 ± 0.3, 5 ± 0 and 4.9 ± 0.3, respectively; 
Correlation Between T Waves and MAP Recordings
Compared to baseline there was a significant change in T wave morphology after 20 minutes of RV pacing (visual scores I ± 0.8 immediately after. 1.6 ± 1.3 after I min, Jind 3.4 ± 0.5 after 5 min were all significantly different from baseline; P < 0.05 [ Fig. 8| ). Eight minutes after RV pacing, visually apparent changes in the T waves were no longer present (visual score 4.6 ± 0.5; P = 0.4).
In parallel with the T wave changes, there was a significant decrease in APD,«, that persisted for the 10 minutes of RA pacing following 20 minutes of RV pacing {255 ± 13 msec baseline vs 246 ± 16 msec immediately after, 244 ± 17 msec after 5 min, and 245 ± 18 msec after 10 min; P < 0.02). The RMS of the difference between the baseline MAP recordings and the signal average of 50 beats immediately, and I. 5, and 10 minutes after RV pacing were al! significantly different (5 ± 0.2, 5 ± 0.1, 5 ± 0.1, and 4 ± O.I; P < 0.02).
Discussion
Main Findings
Prior studies have used T wave changes to study the memoiy phenomenon and have found that ventricuiai-pacing for > 15 minutes is needed to demonstrate memoiy' In contrast, in the present study, using APD,,,, I minute of RV pacing was sufficient to create a transient change in repolarization during subsequent RA pacing, while no visually apparent changes were seen in the T wave. RMS of the difference analysis, which also was more sensitive than the T wave, demonstrated a change in repolarization during atrial pacing immediately after 1 minute of RV pacing. Using the APD,^, of the MAP and the RMS of the difference analysis, the criteria of memory and accumulation were satisfied. In other words, pacing the ventricle for repeated I-minute sequences interspersed with 2 minutes of atrial pacing resulted in progressively greater change in ventricuUir repolarization during the atrial pacing (memory), and longer durations of ventricular pacing resulted in greater changes in ventricukir repolarization during atrial pacing (accumulation). Aulonomic effects cannot explain these changes, since the first three pacing protocols were performed under blockade of ^ and muscarinic receptors. Also of note is that tiiese changes were not cycle length dependent, since all pacing was at a constant and uninteiTupted cycle length of 5(K) msec during the first thjee pacing protocols.
Correlation Between T Wave Changes and MAP Recordings
In this study, visually apparent T wave changes were noted only after 20 minutes of RV pacing. TTiese visually appai-ent chiinges resolved by 8 minutes after RV pacing. The changes in the MAP recordings (APD,j(, and RMS of the difference) occtirred in parallel with the T wave changes, but persisted for a longer period of time. Therefore, the MAP recordings were more sensitive to the change in repoiarization once nornial ventiicular activation resumed, after a period of abnormal ventricular activation.
Cardiac Memory
TTie finding that successive episodes of RV pacing of the same duration have a progressively greater effect on repolarization following the restoration of a nortiial activation sequence is similar to the findings of previous studies."'-'' However, this study is the first to demonstrate that such changes in repolarization can take place with a duration of ventricular pacing as short as I minute. In addition to this phenomenon, the present study documented the phenomenon of accumulation, with progressively greater alterations in the MAP recordings during atrial pacing following progressively longer periods of ventricular pacing between 1 and 15 minutes in duration.
Delayed Onset ofAPDg,, Shortening
In this study, a shortening of the APDQ,^ following 1 and 5 minutes of RV pacing was observed after approximately 60 seconds of RA pacing. Following 10 and 15 minutes of RV pacing, there was no delay in the shortening of the APDgf,. A possible explanation for this finding might be that there are two phenomena present, one that results in a decrease and the other in an increa.se in APD,)(|. The cardiac accumulation phenomena results in a decrease in APD^,,, and this decrease is of greater magnitude as the duration of ventricular pacing increases. Previous work has suggested that myocardial stretch can result in activation of stretch-activated ion channels that may result in prolongation of APD,;,,.^'^ TTie time course and magnitude of change in APDy,, may differ for the two effects following RV pacing. The results of this study suggest that after 1 and 5 minutes of RV pacing, tlie competing effects on APDyâ re balanced and, therefore, there is no significant change in APD,^, immediately upon cessation of RV pacing. By 60 seconds after the cessation of pacing, transient prolongation of APDy,, due to stretch or some other mechanism has decreased lo a sufficient degree to allow shortening of the APD,,,, to become manifest. This phenomenon has not been described previously, probably because the prior techniques used to study repolarization were not as sensitive as those in the present study.
Analysis ofMAPs
Conventionally, APD^i, has been used to quantify MAP recordings.'^ However, analysis of APD at other degrees of repolarization also could be used instead of APD^j-The results of this study suggest that RMS of the difference between two MAP reconlings may be more sensitive than APDy,, in detecting changes in the MAP. In this study, RMS of the difference analysis was able to demonstrate a change in MAP recordings after 1 minute of RV pacing, when no difference was detectable by APD,^,. The RMS analysis at a sample frequency of 1 kHz is able to detect differences at 1-msec intervals iuid, therefore, may detect a change in MAP when there is no change in Uic APD.^,,.
Possible Mechanisms
The change in the MAP recordings demonstrated in this study represent a change in phases 2 and 3 of the cardiac action potential. Geller and Rosen** described changes in APD suggestive of memory in canine epicardial and endocardial slabs. The changes were abolished when 4-aminopyridine (4-AP) was used in the tissue bath. 4-AP has been shown to bkxk the transient outward current l^^P^T hey concluded that the I,,, channel, which has a predominant effect on phase 1 of the Ciirdiac action potential and therefore modulates phases 2 and 3. may be involved in tbe generation of cardiac memory. In the sludy by Geller and Rosen,'' shortening of the APD was noted in recordings from the endocardial tissue. Epiciirdial tissue slices had action potential prolongation during demonstration of the memory phenomenon. In the present study, we made recordings from the endocardial surface, and this may explain why only shortening of APD,)^, was noted.
Other investigators have identified a subpopulation of cells deep in the ventricular myocardium that have a predominant I,,, cunent.-*'-'' The role of these cells in the memory phenomenon remains to be determined. Katz^** has suggested that changes may take place at the cellular level; for example, changes in the channel numbers or types, or a change in the number of gap junctions or their kinetics, might explain the memory phenomenon.
In a previous study, using a mathematical model, a shortening of ventricular repolarization during normal activation was demonsti'ated following only 20 seconds of an altered activation sequence.'' It was noted that reactively coupled cells, rather than those coupled purely by resistive dynamics, may be involved in the phenomenon of cardiac memory. The model did not demonstrate any delay in ihe onset of the repolarization changes, as noted in the current study. The eifect of stretch was not modeled in this mathematical system, and this might explain the difference in the findings.
Limitations
A limitation of this study may be that a mean of 20 to 50 MAP complexes was used for comparisons of the MAP duration and morphology. Therefore, short-lived changes in the MAP may not have been detected. The reason for using a mean of 20 to 50 consecutive complexes was to have more stable values. Another limitation of the study is that the RMS of the difference analysis does not allow detennination of whether changes in the MAP iire the result of prolongation or shortening of the MAP. Previous studies in animal models have evaluated the phenomenon of ciu'diac memory by comparing endocardial and epicardial action potendals.^-Î n the cunent study, recordings of epicardial action potentials were not feasible since the MAP recordings were obtained transvenously. Therefore, endocardial MAP recordings before an intervention were used as the control to document any change following interventions. It has been noted previously that the direction of changes in endocardial and epicardial action potentials after periods of abnormal depolarization usually are opposite.'' Therefore, the changes in endocardial MAP duration noted in this study are highly likely to reflect concomitant changes in the epicardial MAP.
Conclusion
The results of this study demonstrate that even short episodes of abnormal ventricular activation may exert lingering effects on the repolarization process once normal ventricular activation resumes, and that these effects are independent of changes in the rate of depolarization. The results obtained with ventricular pacing in this study may be applicable to spontaneous episodes of ventricular tachycardia and may provide a possible explanation for how an episode of ventricular tachycardia may predispose to early recurrences. If additional studies demonstrate a similar phenomenon in the atrium, this also may provide an explanation for how atrial fibrillation shortens atrial refractoriness and predisposes to further episodes of atrial fibrillation.-'^R eferences
